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The Orphan Nuclear Receptor REV-ERB Controls
Circadian Transcription within the Positive Limb
of the Mammalian Circadian Oscillator
of the hypothalamus (Rusak and Zucker, 1979; Ralph et
al., 1990). As the period length of this pacemaker is only
approximately 24 hr, the circadian clock has to be reset
every day by an input pathway in order to remain in
resonance with geophysical time. This synchronization
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the PAS helix-loop-helix transcription factors CLOCK
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Once the PER and CRY proteins have reached a criticalSummary
concentration, they attenuate the CLOCK/BMAL1-medi-
ated activation of their own genes in a negative feedbackMammalian circadian rhythms are generated by a
loop. A recent study suggests that the PER/CRY com-feedback loop in which BMAL1 and CLOCK, players
plex interacts directly with the CLOCK/BMAL1 complexof the positive limb, activate transcription of the cryp-
bound to chromatin. In addition, a number of posttrans-tochrome and period genes, components of the nega-
lational events, such as the control of protein phosphor-tive limb. Bmal1 and Per transcription cycles display
ylation, degradation, and nuclear entry, contribute criti-nearly opposite phases and are thus governed by dif-
cally to the generation of daily oscillations in clock geneferent mechanisms. Here, we identify the orphan nu-
products (see Lee et al., 2001, and references therein).clear receptor REV-ERB as the major regulator of
Whereas a large body of genetic and biochemicalcyclic Bmal1 transcription. Circadian Rev-erb ex-
evidence has been collected on the regulation of Crypression is controlled by components of the general
and Per gene expression, much less is known about thefeedback loop. Thus, REV-ERB constitutes a molecu-
control of Bmal1 and Clock expression. Bmal1 mRNAlar link through which components of the negative
accumulation also follows a robust circadian oscillation,limb drive antiphasic expression of components of the
but this cycle is nearly antiphase to that of Per1 andpositive limb. While REV-ERB influences the period
Per2 mRNA accumulation (Shearman et al., 2000b). Inlength and affects the phase-shifting properties of the
the liver, Clock transcript levels fluctuate during the day
clock, it is not required for circadian rhythm gener-
with a phase angle similar to that of Bmal1 mRNA accu-
ation. mulation, albeit with a modest amplitude of only 2- or
3-fold (Lee et al., 2001; this study). Given the large phase
Introduction difference of cyclic Bmal1 and Per mRNA accumulation,
different mechanisms must account for the cyclic tran-
In mammals, many aspects of behavior and physiology scription of Bmal1 and Per genes. Indeed, in recently
are subject to daily oscillations. These include sleep- published reports, PER and CRY proteins have been
wake cycles, energy homeostasis, blood pressure, body suggested to play a positive role in Bmal1 transcription,
temperature, renal activity, and liver metabolism (Schib- thus establishing a positive feed-forward loop (Shearman
ler, 1999). These rhythms are driven by a central circa- et al., 2000b; Lee et al., 2001; Yu et al., 2002). However,
dian clock located in the suprachiasmatic nuclei (SCN) these studies did not reveal how these negative regula-
tors exert positive effects on Bmal1 transcription.
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Figure 1. REV-ERB Is a Putative Regulator
of Circadian Bmal1 Transcription
(A) Sequence comparison of the proximal
Bmal1 promoter regions from mouse, rat, and
man. The transcription initiation sites, indi-
cated by bent arrows, have been mapped on
the mouse genomic sequence by RACE
(rapid amplification of cDNA ends, see Exper-
imental Procedures). Multiple RACE products
have been found for the start sites repre-
sented by the more prominent arrows (N  3
for the upstream site and 2 for the down-
stream site). ROREs are framed, and the
RORE consensus sequence is given below
the elements (W  A or T, R  A or G). The
arrow marked by an asterisk corresponds to
the start site identified by Yu et al. in mouse
testis (2002).
(B) Electrophoretic mobility shift assays
(EMSA) with liver nuclear proteins harvested
at four hour intervals around the clock and a
radio-labeled oligonucleotide encompassing
RORE 2. The positions of the three most
prominent protein:DNA complexes, C1, C2,
and C3, are marked by arrows. ZT stands for
Zeitgeber time. The lights were turned on and
off at ZT 0 and ZT 12, respectively.
(C) Temporal accumulation of transcripts en-
coding RORE binding proteins. Whole-cell
liver RNA was prepared from mice sacrificed
at the Zeitgeber times (ZT, see legend to B)
indicated above the panels. The mRNA levels
were determined by ribonuclease protection
assays (ROR, Rev-erb) or Northern blot
hybridization (ROR, Rev-erb). For ribo-
nuclease protection, equal loading was veri-
fied by including a Tbp riboprobe. Methylene
blue staining of 28S and 18S ribosomal RNA
on the Nylon membrane was used to verify even loading in Northern blot experiments.
(D) Circadian accumulation of REV-ERB in liver nuclei. Liver nuclear proteins from mice kept for two days in DD were separated by SDS-
polyacrylamide gel electrophoresis, transferred to a nitrocellulose membrane, and probed by Western blot analysis with a rabbit antiserum
raised against a synthetic REV-ERB peptide (see Experimental Procedures). The circadian times (CT) at which the animals were sacrificed
are given on top of the panel. Circadian time is the time under free-running conditions (DD), and the time at which animals start their locomotor
activity is set as CT 12.
(E) Anticyclic accumulation of RORE binding activity and Bmal1 pre-mRNA. The abundance of complex 1 (see B) was quantified in three
independent experiments by phosphorimaging, and the maximal value (obtained at ZT 8) was set as 100%. Bmal1 pre-mRNA levels were
determined by Taqman real-time RT-PCR, using an amplicon located in the first intron. In parallel, the levels of Gapdh mRNA were estimated
by the same method from the same cDNA samples. The values plotted in the diagram correspond to the ratios of Bmal1 pre-mRNA/Gapdh
mRNA signals (averaged from four animals). The maximal value, obtained at ZT 20, was set at 100%. The Zeitgeber times (ZT) at which the
animals were sacrificed are indicated on the abscissa of the diagram.
(F) Temporal Rev-erb mRNA accumulation in the suprachiasmatic nuclei (SCN). Coronal brain sections above the optical chiasma were
prepared from mice kept for 2 days in constant darkness, sacrificed at the CT times indicated on top of the panel, and hybridized to a 35S-
labeled antisense Rev-erb RNA probe. Only the brain regions containing the hypothalamus, the thalamus, and the hippocampus are shown.
The positions of the two SCNs are depicted by arrows.
scription of Bmal1 and Clock. While REV-ERB is dis- a region that is highly conserved in mammals. The se-
quence inspection of this region revealed two ROREspensable for basic oscillator function, it participates in
determining period length and phase-shifting properties that match 11 bp and 10 bp, respectively, of the 11 bp
consensus sequence WAWNTRGGTCA (where W  Aof the mammalian circadian timing system.
or T and R A or G). ROREs are recognition sequences
for members of the REV-ERB and ROR orphan nuclearResults
receptor families (Harding and Lazar, 1993; Retnakaran
et al., 1994; Dumas et al., 1994; Giguere et al., 1994;The Bmal1 Promoter Contains Recognition
Sequences for ROR and REV-ERB Orphan Medvedev et al., 1996).
To examine whether this element binds specificallyNuclear Receptors
We performed RACE (Rapid Amplification of Comple- to transcription factors accumulating in liver nuclei, we
used electrophoretic mobility shift assays (EMSA) withmentary DNA Ends) on whole-cell liver RNA to determine
the transcriptional start sites within the Bmal1 promoter. mouse liver nuclear extracts harvested at four hour inter-
vals around the clock, and a radio-labeled double-The results, summarized in Figure 1A, suggest that tran-
scription initiation can occur at multiple cap sites within stranded oligonucleotide encompassing RORE 2 (see
REV-ERB and Circadian Rhythms
253
Figure 1A). As seen in Figure 1B, at least three pro- Rev-erb allele in the mouse. The knockout strategy is
tein:DNA complexes can be detected with this oligonu- schematically illustrated in Figure 2A. Briefly, exons 3
cleotide probe. Complex 1 represents a strongly circa- and 4 encoding the DNA binding domain of REV-ERB,
dian RORE binding activity, while complex 3 is formed and part of exons 2 and 5 were replaced by an in-frame
with a RORE binding protein that accumulates to similar LacZ allele and a PGK-neo gene using homologous re-
levels throughout the day. Interestingly, the temporal combination in 129/Sv ES cells. Heterozygous animals
abundance pattern of complex 2 suggests the presence with a mixed genetic background (129/Sv  C57BL/
of a circadian RORE binding protein that oscillates in 6J) were used to produce homozygous F2 Rev-erb
antiphase with the protein responsible for complex 1, knockout mice. The Rev-erb mutant allele segregated
albeit with a relatively modest amplitude. at roughly Mendelian ratios into the F2 progeny (23.5%
In order to examine whether one or more of the ob- wild-type pups, 48.6% heterozygous pups, 27.9% homo-
served RORE binding proteins might correspond to zygous mutant pups, n  383). Homozygous Rev-erb
known members of the REV-ERB or ROR families, we knockout mice are morphologically indistinguishable
used Northern blot experiments or ribonuclease protec- from wild-type mice. An in-depth histological compari-
tion assays to determine the temporal mRNA accumula- son of fifty tissues from adult knockout and wild-type
tion profiles for all known members of these families. animals did not reveal conspicuous differences between
As shown in Figure 1C, transcripts have been detected the two genotypes, and common blood chemistry was
in liver with probes for Ror, Ror, Rev-erb, and Rev- also very similar in wild-type and Rev-erb knockout
erb. Not surprisingly, Ror mRNA could not been de- mice (N.P. and U.S., unpublished data). However, in
tected in liver, as this transcript appears to be expressed agreement with a previously published report (Chomez
exclusively in the brain (Park et al., 1996; Schaeren- et al., 2000), the litter size of / females is only about
Wiemers et al., 1997; Sumi et al., 2002). While Ror half that observed for wild-type females.
mRNA reaches similar levels throughout the day, the As shown in Figure 2, neither Rev-erb transcripts (B)
accumulation of RormRNA, Rev-erbmRNA, and Rev- nor protein (C and D) could be detected in homozygous
erb mRNA follow a diurnal oscillation. As judged from Rev-erb mutant mice. Hence, the Rev-erb mutant al-
the phase of accumulation, Rev-erb mRNA is the only lele we engineered can be considered as a true null
strong candidate for the gene encoding the complex allele. These experiments positively identify REV-ERB
1-forming protein revealed by EMSA in Figure 1B. Again, as the major cycling RORE binding protein on the proxi-
based on the daily accumulation profiles of Ror and mal Bmal1 promoter at least in vitro.
Ror transcripts, it is likely that ROR and ROR ac- To examine whether REV-ERB is indeed a regulator
count for the proteins responsible for complex 2 and of Bmal1 transcription, we recorded the daily accumula-
complex 3, respectively. tion profiles of Bmal1 mRNA and pre-mRNA. As esti-
We raised a polyclonal antiserum against a peptide mated on the basis of the Northern blot and real-time
within the N-terminal moiety of REV-ERB and used RT-PCR experiments shown in Figures 3A and 3B, re-
it in a Western blot assay with liver nuclear extracts spectively, the amplitudes of Bmal1 mRNA and pre-
harvested at four hour intervals around the clock. The mRNA oscillations are at least 20-fold in wild-type ani-
results show that REV-ERB accumulates with a phase mals, but less than 2-fold in Rev-erb mutant mice.
compatible with that of the major circadian RORE bind- The in situ hybridization experiments with coronal brain
ing protein (Figure 1D). Therefore, we tentatively identi- sections displayed in Figure 3C demonstrate that REV-
fied the strongly oscillating RORE binding activity re- ERB is also a major circadian regulator of Bmal1 tran-
vealed by EMSA as REV-ERB. This hypothesis was scription in the SCN.
unambiguously confirmed by experiments using Rev-
erb-deficient mice (see below).
REV-ERB Also Participates in the RegulationIn cotransfection experiments, REV-ERB acts as a
of Clock and Cry1 mRNA Expressiontranscriptional repressor rather than as an activator
REV-ERB also controls the activity of clock genes other(Zamir et al., 1997; and references therein). Hence, if
than Bmal1. The temporal mRNA accumulation profilesthis orphan nuclear receptor was implicated in the regu-
for Clock, Cry1, Cry2, and Per2 in wild-type and Rev-lation of Bmal1 transcription, Bmal1 transcript levels
erb mutant mice indicate that the disruption of Rev-should be lowest at times when REV-ERB attains peak
erb significantly affects the expression of Clock andlevels. To record the daily Bmal1 transcription profile,
Cry1, but has little consequence on Cry2 or Per2 mRNAwe performed Taqman real-time RT-PCR experiments
accumulation. In wild-type animals, the accumulation ofwith whole-cell RNA, using an amplicon of intronic pre-
Clock mRNA fluctuates during the day with an amplitudemRNA sequences. The antiphasic accumulation of REV-
of about 2.5-fold, but is nearly flat in Rev-erb-deficientERB and Bmal1 pre-mRNA shown in Figure 1E would
mice. Cry1 mRNA levels oscillate with an approximatelybe consistent with a scenario in which REV-ERB re-
7-fold amplitude in wild-type mice and an amplitude ofpresses Bmal1 transcription. As Rev-erb mRNA is ex-
only about 2.5-fold in Rev-erb knockout mice. It ispressed in a cyclic fashion in the SCN (Figure 1F), this
conceivable that the high and nearly constant expres-orphan nuclear receptor could also be implicated in driv-
sion of Bmal1 contributes to altered Cry1 and Clocking circadian Bmal1 expression in SCN neurons.
transcription in Rev-erb mutant animals.
To assess the effect of altered mRNA accumulationCircadian Bmal1 Expression Is Severely Blunted
in Rev-erb knockout animals on protein expression, wein Rev-erb/ Mice
performed Western blot experiments with liver nuclearTo examine the possible role of REV-ERB in the control
of Bmal1 transcription genetically, we disrupted the extracts and antisera raised against several clock com-
Cell
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Figure 2. Disruption of the Rev-erbAllele by
Homologous Recombination
(A) Strategy used to delete the DNA binding
domain (DBD) of the Rev-erb allele. The car-
toon displays a map of the eight Rev-erb
exons on the top strand and the 3 terminal
Tr (thyroid hormone receptor ) exons on
the bottom strand. These two genes are ori-
ented in opposite directions on chromosome
11 and are partially overlapping (Miyajima et
al., 1989). The positions of the recognition
sites for the following restriction endonucle-
ases are given: BamH1 (B), KpnI (K), HindIII
(H), EcoR1 (R1), EcoR5 (R5), and XhoI (X). Atg
and tga indicate the positions of the initiation
and termination codons, respectively. The
structure of the targeting vector, in which part
of exon 2, intron 2, exon 3, intron 3, exon 4,
intron 4, and part of exon 5 have been re-
placed by a LacZ and a PGK-neo gene, is
given below the Rev-erb/Tr locus.
(B) Rev-erb mRNA accumulation in the liver
of wild-type (/) and homozygous Rev-
erb mutant mice (/). Liver whole-cell
RNAs, prepared from animals sacrificed at
the indicated Zeitgeber times (ZT) were ana-
lyzed by Northern blot hybridization using a [32P]-radiolabeled cDNA probe spanning most of the Rev-erb coding sequence.
(C) REV-ERB protein accumulation in liver nuclei of wild-type (/) and homozygous Rev-erb mutant mice (/). Liver nuclear proteins,
prepared from animals sacrificed at the Zeitgeber times (ZT) indicated above the panel, were analyzed by Western blot analysis using an
antiserum against the ligand binding domain of REV-ERB.
(D) RORE binding activity in liver nuclei of wild-type (/) and homozygous Rev-erb mutant mice (/). EMSA experiments were performed
as indicated in the legend to Figure 1B with liver nuclear proteins from animals sacrificed at the indicated Zeitgeber times (ZT). Note that
complex 1 is not observed in Rev-erb-deficient mice.
ponents (Figure 4B). As anticipated from the expression these proteins oscillates with a modest amplitude at
best in animals of both genotypes, suggesting that theof their mRNAs, PER2 and CRY2 protein accumulation is
very similar in Rev-erb / and/mice. In contrast, half-life of these proteins is relatively long. CRY1 accu-
mulates in nuclei with large circadian oscillations in bothboth BMAL1 and CLOCK levels are elevated in knockout
as compared to wild-type mice. The accumulation of Rev-erb/ and/mice. Hence, neither the overex-
Figure 3. Bmal1 mRNA and pre-mRNA Accu-
mulation in Rev-erb-Deficient Mice
(A) Temporal accumulation of Bmal1 mRNA
in the liver of Rev-erb-proficient (/) and
-deficient (/) mice. Liver whole-cell RNAs,
prepared from animals sacrificed at the indi-
cated Zeitgeber times (ZT), were analyzed by
Northern blot hybridization using a [32P]-
radiolabeled Bmal1 cDNA probe. After the
transfer to the membrane, the RNA was col-
ored with methylene blue and the stained 18S
rRNAs are shown as loading references.
(B) Temporal accumulation of Bmal1 pre-
mRNA in the liver of Rev-erb -proficient
(/) and -deficient (/) mice. The relative
accumulation of Bmal1 pre-mRNA was deter-
mined as described in the legend to Figure
1E. The values are means/ standard devi-
ations from four animals. The values indi-
cated by asterisks are statistically highly sig-
nificant (** p  	 0.005, ***p  	 0.0005)
(C) Bmal1 mRNA accumulation in the SCN.
Coronal brain sections taken above the opti-
cal chiasma from Rev-erb/ and/ ani-
mals sacrificed at ZT 4, ZT 8, and ZT 16 were
hybridized in situ to a 35S-labeled antisense
Bmal1 cRNA probe, and the hybridization signals associated with the SCNs were quantified by phosphorimaging. The values are means /
standard deviations from three to four animals. The maximal value determined for wild-type animals (obtained at ZT 16) has been set at 100%.
Asterisks indicate highly significant differences (** p  	 0.005, ***p  	 0.0005). Representative in situ hybridizations for ZT 4 (minimal
accumulation in wild-type mice) and ZT 16 (maximal accumulation in wild-type mice) are depicted at the right of the diagram.
REV-ERB and Circadian Rhythms
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Figure 4. Accumulation of Transcripts and
Proteins Encoded by Several Essential Pace-
maker Genes in the Liver of Rev-erb-Profi-
cient (/) and -Deficient (/) Mice
(A) The relative levels of Clock mRNA, Cry1
mRNA, Cry2 mRNA, and Per2 mRNA were
estimated by Taqman real-time RT-PCR, as
described in the Experimental Procedures,
and normalized to the corresponding Gapdh
levels (see legend to Figure 3B). Each value
represents the mean of four independent ex-
periments. In each experiment, the maximal
value was normalized to 100%. The Zeitgeber
times at which the animals were sacrificed
are given on the abcissae of the diagrams.
Solid and dotted lines represent the accumu-
lation curves from wild-type and Rev-erb
mutant animals, respectively.
(B) The relative accumulation of BMAL1,
CLOCK, CRY1, CRY2, and PER2 in liver nuclei
was visualized by Western blot analysis using
polyclonal antisera raised against the respec-
tive recombinant proteins. The Zeitgeber
times at which the animals were sacrificed
are given on top of the fluorograms. An immu-
noblot against PIP160, a nucleolar protein
whose accumulation does not vary during the
day (P. Comte, V. Ossipow, and U.S., unpub-
lished data), is included as a loading ref-
erence.
pression of BMAL1 and CLOCK nor the low amplitude A strong phenotype in circadian behavior was re-
vealed when we examined the phase-shifting propertiesof cyclic Cry1 mRNA accumulation observed in Rev-
erb/ mice have a large impact on nuclear CRY1 of Rev-erb -deficient mice. As shown in Figure 5 (E
and F), light pulses delivered at CT 22 provoked dramaticprotein accumulation. Therefore, Cry1 mRNA expres-
sion does not appear to be the limiting step for the phase advances (5.4 
 1.8 hr) in Rev-erb knockout
mice, compared to wild-type mice (1.1
0.5 hr). Interest-nuclear accumulation of CRY1 protein. The importance
of posttranscriptional regulation is even more evident for ingly, the large phase advances of Rev-erb knockout
mice were observed only in animals kept in DD for longercircadian CRY2 accumulation, given the nearly constant
Cry2 mRNA levels in both wild-type and Rev-erb-defi- than seven days (data not shown). Moreover, the differ-
ence in phase-shifting between Rev-erb-proficientcient mice.
and -deficient animals is limited to the second half of
the night, when Rev-erb expression is starting to riseREV-ERB Regulates Period Length and Phase-
in the SCN.Shifting Properties of the Circadian Timing System
In order to examine whether REV-ERB influences circa-
dian behavior, we compared wheel-running activity of Rev-erb Expression Is Controlled by the
Negative Limb of the Oscillatorwild-type and Rev-erb-deficient mice in constant dark-
ness (DD, Figure 5A) or light (LL, Figure 5C). Interestingly, PER2 has been postulated to be a positive regulator of
Bmal1 expression (Shearman et al., 2000b). Given thethe drastic reduction of circadian rhythms in the tran-
scription of Clock and Bmal1 observed in Rev-erb- dominant role of REV-ERB in driving circadian Bmal1
transcription, we considered that PER2 might stimulatedeficient mice does not result in arrhythmic behavior
when mice are placed in a constant environment. This Bmal1 mRNA accumulation indirectly, by repressing
Rev-erb expression. The observation that Rev-erbdemonstrates that circadian transcription of Bmal1 and
Clock is not essential for the basic properties of the pre-mRNA transcripts show trough levels when PER2
protein attains peak levels in the nucleus is consistentcircadian system. However, under both DD and LL con-
ditions, the average period length was significantly with this hypothesis (Figure 6A). To examine this notion
further, we recorded the daily accumulation profiles ofshorter in Rev-erb/ animals (Figures 5A–5D), and
the distribution of period lengths is much more scattered Rev-erb mRNA in wild-type mice, Per2Brdm1 mutant
mice, and Per1Brdm1/Per2Brdm1 double mutant mice. Thein Rev-erb knockout mice than in Rev-erb wild-type
mice (Figures 5B and 5D). Per1Brdm1 and Per2Brdm1 mutant alleles are recessive and
Cell
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Figure 5. Circadian Locomotor Activity of Rev-erb-Proficient (/) and -Deficient (/) Mice
(A–D) The voluntary locomotor activity was recorded as wheel-running activity for wild-type mice and Rev-erb mutant mice in constant
darkness (DD, A and B) and constant light (LL, C and D). (A) and (C) display typical double-plot actograms obtained for Rev-erb / and /
animals. In each actogram, the first few days were recorded under LD conditions (lights on at 7:00; lights off at 19:00). Time spans during
which the lights were switched off are marked by gray shadowing.
(B) and (D) show histograms for the distribution of period length determined between days 10 and 20 in DD or LL. The number of examined
animals (N) is given in each diagram. The lengths of the free-running periods 
 standard deviations in hours were 23.76 
 0.27 (Rev-erb/)
and 23.38 
 0.45 (Rev-erb /) in DD, and 24.59 
 0.22 (Rev-erb/) and 24.01 
 0.44 (Rev-erb/) in LL. Two different statistical
methods (the Student’s t test, assuming normal distributions, and the Mann-Whitney as a nonparametric test) have been used to examine
the data. The P values for the period length differences are 	 0.002 for both methods in (B), and 	 0.0001 for both methods in (D).
(E and F) Phase shifts of circadian wheel-running activity induced by a 2 hr light pulse (500 lux) given between CT 22 and CT 24 to mice kept
in DD for at least three weeks. (E) shows typical actograms obtained for Rev-erb / and/ animals. Here, for reasons of clarity, locomotor
activity was plotted according to daylengths corresponding to the free-running period of each animal before the light pulse (light pulses are
indicated by arrows). In (F), values represent the mean
 standard deviation of four Rev-erb / and eight Rev-erb /mice. The difference
between genotypes is highly significant (P  0.0001, using the Student’s t test). Large phase advances of 5.7 hr and 7.6 hr were also obtained
with two Rev-erb knockout mice exposed to a light pulse of only 15 min (data not shown). The phase shifts produced by light pulses applied
at CT 4 and CT 14 were not significantly different in Rev-erb-proficient and -deficient animals (data not shown).
resemble null alleles. The Per1Brdm1 allele only encodes in Per2 single mutant mice Bmal1 mRNA levels peak
earlier during the day and reach nadir values preco-a small N-terminal fragment of PER1 that does not contain
any recognizable sequence motif (Zheng et al., 2001). The ciously between ZT 3 and ZT 9 (as expected from the
earlier increase of Rev-erb expression).Per2Brdm1 allele contains a deletion corresponding to 87
amino acids in the PAS dimerization domain (Zheng et al., In conclusion, the data presented in this section are
compatible with a model in which the circadian tran-1999). Wheel-running behavior and clock gene expres-
sion are indistinguishable in Per2Brdm1 mice, in Per2Idc scription of Rev-erb—similar to that of cyclic Per1,
Per2, and Cry1 transcription—is accomplished via a pe-mice (Bae et al., 2001), and in mice bearing a true null
allele (C.C Lee, personal communication). As shown in riodic repression by period proteins. In turn, REV-ERB
governs rhythmic Bmal1 expression by periodically in-Figure 6B, the phase of Rev-erb mRNA accumulation
is considerably advanced in Per2Brdm1mutant mice. hibiting the transcription of this target gene.
Moreover, Rev-erb transcript levels are constitutively
expressed at relatively high levels (approximately half- Discussion
maximal) throughout the day in Per1Brdm1/Per2Brdm1double
mutant mice. Zenith levels of Rev-erb transcripts are REV-ERB as a Link between the Negative
and Positive Limbsnot expected in these mice (see Discussion).
We also recorded Bmal1 mRNA accumulation in We demonstrate here that the nuclear receptor REV-
ERB is a major regulator of cyclic transcription withinPer2Brdm1mutant mice (data not shown). In keeping with
previously published results (Shearman et al., 2000b), the positive limb of the mammalian circadian oscillator.
REV-ERB and Circadian Rhythms
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Figure 7. Simplified Model of the Circadian Oscillator
The positive limb consists of the two PAS helix-loop-helix transcrip-
tion factors CLOCK and BMAL1 that activate transcription of Cry
and Per, which are members of the negative limb. CRY and PER
proteins are translocated to the nucleus as multi-subunit protein
complexes and, once these complexes have reached a critical con-
centration, they repress CLOCK:BMAL1-stimulated transcription.
This feedback loop generates circadian rhythms of mRNA accumu-
lation for members of the negative limb. In parallel, the same positive
and negative elements periodically activate and repress, respec-
tively, the transcription of the orphan receptor Rev-erb. The circa-
dian accumulation of the orphan receptor REV-ERB then drives
cyclic transcription of Bmal1 and Clock.
Figure 6. Expression of Rev-erbmRNA in Per2 and Per1/Per2 Mu-
tant Mice
(A) Temporal accumulation of nuclear PER2 protein (open triangle)
arily conserved E boxes between the major transcrip-and Rev-erb precursor RNA (closed circles) in the livers of wild-
tional start site and position 500 (see Supplementaltype mice. The relative levels of Rev-erb pre-mRNA from animals
Figure S1, Part A available at http://www.cell.com/cgi/sacrificed at the indicated Zeitgeber times were determined by Taq-
man real-time RT-PCR, using an intronic probe. Each value repre- content/full/110/2/251/DC1), and in cotransfection
sents the mean of two animals after normalization to Gapdh levels, assays, transcription from the Bmal1 promoter is acti-
and the highest value (observed at ZT8) was set to 100%. Relative vated by CLOCK and BMAL1 (G. Triqueneaux, S. Thenot,
PER2 protein levels were quantified by densitometric analysis of
and V. Laudet, personal communication). Furthermorethe fluorogram presented in Figure 4, normalized to the PIP160
Rev-erb mRNA accumulates to constitutively low lev-signals obtained by reprobing the same membrane with a PIP160
els in homozygous Clock mutant mice (G. Triqueneaux,antibody, and expressed as percentage of the maximal PER2/
PIP160 ratio (determined for ZT 20). The pre-mRNA and protein S. Thenot, and V. Laudet, personal communication; see
levels were recorded for 24 hr, but to allow comparisons of phases also Supplemental Figure S1, Part B available at above
(with regard to peak and trough levels), some values were double- URL). (2) The accumulation of Rev-erb mRNA tran-
plotted to cover a 36 hr time span.
scripts is lowest at times when PER2 protein reaches(B) Temporal accumulation of Rev-erb mRNA in the liver of wild-
high nuclear levels. (3) Rev-erb is constitutively ex-type mice (black line, circles), Per2Brdm1 single mutant mice (blue
pressed at intermediate levels in Per1Brdm1/Per2Brdm1 orline, squares), and Per1,2 double mutant mice (red line, triangles).
The curve is drawn through the estimated mean values (the individ- Cry1/Cry2 mutant mice (Figure 6, N.P., F. Tamanini, G.T.
ual data points are included in the diagram). The mRNA levels were van der Horst, and U.S., unpublished data). Zenith levels
recorded during 24 hr, but to allow comparisons of phases, some of Rev-erb transcripts are not expected in these mutant
values were double-plotted to cover a 36 hr time span.
mice. As pointed out above, Rev-erb transcription itself
is activated by CLOCK and BMAL1. At a high concentra-
tion, REV-ERB is expected to extinguish the expres-In previous studies, Bmal1 transcription has been postu-
sion of its own activators, which in turn would resultlated to be controlled by mechanisms opposite to those
in diminished Rev-erb transcription. Hence, Rev-erbinvolved in Cry1 and Per1/Per2 expression (Shearman
mRNA levels should be frozen at intermediate ratheret al., 2000a; Yu et al., 2002). Thus, circadian Bmal1
than maximal levels in Per1/Per2 and Cry1/Cry2 doubleexpression appears to be positively controlled by PER
mutant mice.and CRY proteins, and transfection studies suggest that
Mechanisms similar to the one proposed in Figure 7Bmal1 transcription may be negatively autoregulated by
for the mouse oscillator might also apply for the circa-BMAL1 and CLOCK (Yu et al., 2002) or Bmal1 and NPAS2
dian timing systems of the zebrafish and the fruit fly.(Reick et al. 2001). Our model, outlined schematically in
Thus, in zebrafish, Rev-erb (zfRev-erb) also displaysFigure 7, offers a simple explanation for this regulatory
circadian expression with a phase opposite to that ofcircuit, by proposing that Rev-erb expression is nega-
zClock/zBmal1 (Whitmore et al., 1998; Cermakian et al.,tively regulated by PER and CRY proteins and positively
2000; Delaunay et al., 2000). It was in Drosophila thatregulated by BMAL1 and CLOCK. The cyclic accumula-
two interconnected feedback loops driving the nearlytion of REV-ERB then imposes circadian regulation
antiphasic circadian expression of the positive and neg-on Bmal1 transcription (Figure 7). Several observations
ative limb components were first proposed (Glossop etsupport this model. (1) Rev-erb transcription appears
al., 1999). Apparently, the two feedback loops in Dro-to be positively regulated by CLOCK and BMAL1, the
sophila are also coupled by an indirect mechanism, inmolecular targets of CRY/PER-mediated repression. In-
deed, the Rev-erb promoter contains three evolution- which PER and TIM downregulate the expression of a
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repressor that inhibits clk transcription in a circadian nent (e.g., BMAL1 or CLOCK), which may accelerate the
oscillator until its concentration falls back to the initialfashion (Paul Hardin, personal communication).
level. Additional experiments will be required to deci-
pher the precise molecular mechanism by which REV-Mechanisms of Repression by REV-ERB
ERB restricts the amplitude of phase advances in wild-REV-ERB belongs to the large family of transcription
type animals.factors called “orphan nuclear receptors”, nuclear re-
In conclusion, this study suggests that the orphanceptors for which no ligand has yet been found
nuclear receptor REV-ERB couples the negative limb(Mangelsdorf et al., 1995). REV-ERB does not contain
of the molecular oscillator to its positive limb and pro-the ligand-dependent C-terminal activation domain AF2.
vides a molecular basis for a negative feedback withinThus, in cotransfection studies with reporter genes car-
the positive limb. Moreover, REV-ERB greatly restrictsrying RORE sequences, REV-ERB acts as a repressor
phase-shifting activity during the second half of therather than an activator (Forman et al., 1994; Harding
night. While transcriptional oscillation of positively act-and Lazar, 1995; Adelmant et al., 1996; Zamir et al.,
ing clock components are not absolutely essential for1996, 1997). This repression might occur by multiple
rhythm generation, the conservation of interconnectedmechanisms. When two REV-ERB molecules bind ei-
feedback loops in all genetically studied animalsther to two closely spaced RORE sequences or to a
(Harmer et al., 2001)—and even in the unicellular fungusdirect repeat element with the sequence RGGTCANNR
Neurospora crassa—suggests that this mechanism hasGGTCA (DR-2), they can bind the corepressor NCoR1
a selective advantage under natural circumstances.(Zamir et al., 1997). In turn, NCoR1 might recruit a histone
deacetylase, which promotes the conversion of accessi-
Experimental Proceduresble into inaccessible chromatin (Aranda and Pascual,
2001). REV-ERB might also inhibit transcription more
Rapid Amplification of cDNA Ends (RACE)directly by competing with transcriptional activators
Single-stranded cDNA was synthesized from C57BL/6J mouse liver
(e.g., the orphan receptors ROR, ROR, and/or ROR) polyA RNA, using random hexamers and Superscript reverse tran-
for the occupancy of RORE sequences (e.g., Forman et scriptase (Gibco-BRL). Free nucleotides were eliminated using a G-50
spin column, and poly A tails were added to the cDNA 3 termini byal., 1994).
using terminal deoxynucleotidyl-transferase (Gibco/BRL) and dATP.In addition to controlling cyclic Bmal1 transcription,
The reaction was stopped with 5 mM EDTA, extracted with phenol-REV-ERB also participates in the regulation of circa-
chloroform, and filtered through a G-50 spin column. A first PCRdian Clock expression. While we did not yet examine
reaction was carried out with 1/200th of the cDNA synthesized from
whether REV-ERB interacts directly with cis-acting 2 g of polyA RNA, using the Bmal1-specific primer 5-GGCCTAG
Clock regulatory elements, it is noteworthy to mention GGTTCCACATTTGA-3 and the anchor primer 5-ACTCGAGGTGGA
GCACGTGTTTTTTTTTTTTTTTTTTTTV-3. 1/100th of the product ofthat the human Clock gene harbors a perfect DR-2 ele-
this reaction was reamplified in a second (nested) PCR reaction withment in the first intron, 16,630 bp downstream of the
a different Bmal1-specific primer (5-CATTCACTGCAGCCAACAputative transcription initiation site.
ACA-3) and the anchor primer 5-ACTCGAGGTGGAGCACGTG-3.
The PCR products were separated on an agarose gel, purified
REV-ERB Influences Phase-Shifting and Period (Nucleospin, Macherey-Nagel), cloned into a T-vector, and se-
Length and Variability quenced.
The behavioral analysis of Rev-erb knockout mice re-
vealed three circadian phenotypes. RNA Expression in the Liver
The antisense Rev-erb RNA probe used in ribonuclease protection(1) Rev-erb knockout mice display a significantly
assays was transcribed from a pKSBluescript vector containingshorter period length than wild-type animals under DD
an RT-PCR product of mouse Rev-erb mRNA (376 to 614).and LL conditions. Interestingly, transgenic mice ex-
Ribonuclease protection assays of Ror mRNA expression were
pressing multiple Clock gene copies show a similar phe- accomplished as described (Balsalobre et al., 1998).
notype (Antoch et al., 1997). The overexpression of com- Northern blot analysis was performed using total liver RNA as
described previously (Fonjallaz et al., 1996). The ROR, Rev-erb,ponents of the positive limb in Rev-erb knockout mice
and Bmal1 radiolabeled cDNA probes were obtained by randomor in mice with additional Clock gene copies is expected
priming of the inserts from the plasmids pKSBluescript -ROR,to result in a more potent activation of Cry and Per
-Rev-erb, and -Bmal1, respectively. The cDNA inserts of thesegenes, which in turn would reduce the duration required
plasmids were generated by RT-PCR from mouse liver RNA using
to produce CRY and PER threshold levels sufficient for the following primers:
the downregulation of their own genes. 5-CTTCATGGAGCTCTGCCAGAATGACCAG-3 and 5-GGTGGA
GGTGCTGGAAGATCTGCAG-3(ROR); 5-CCATGATGAACACCCA(2) Rev-erb-deficient mice exhibit a much greater
GTTCAGTGG-3 and 5-CGTACCATTAAAACCTCAAAAGTCCCdiversity of period lengths than wild-type animals under
AGC-3 (Rev-erb); 5-GTATGGACACAGACAAAGATGACC-3 andDD and LL conditions. This high variability between indi-
5-GTCCCTCCATTTAGAATCTTCTTG-3 (Bmal1).viduals indicates that the action of REV-ERB on the
The Northern blot analysis of Rev-erb mRNA expression in Rev-
expression of essential clock genes contributes to the erb / and / mice (Figure 2B) was performed using a cDNA
precision of the circadian timing system. probe encompassing exons 3 to exon 8 (Hind III-EcoR I restriction
fragment of a rat Rev-erb cDNA called Rev-erbTOT hereafter). This(3) Rev-erb-deficient mice can perform unusually
fragment was generated by RT-PCR from liver RNA using the prim-large phase-advances during the second half of the sub-
ers 5-GTTATCACCTACATTGGCTCCAGCGGATCC-3 and 5-CGGjective night. Interestingly, the new steady-state phase
GCGGGTCACTGGGCGTCCACCCGGAAGGACA-3.is reached only a few days after exposure to the light
For quantification of relative RNA levels by the Taqman real-time
pulse. Conceivably, a light-pulse delivered at the end PCR technology, 0.5 g of DNase-treated total RNA were reverse-
of the subjective night to Rev-erb knockout mice in- transcribed using random hexamers and Superscript reverse tran-
scriptase (Gibco). The cDNA equivalent to 20 ng total RNA wasduces the overexpression of a long-lived clock compo-
REV-ERB and Circadian Rhythms
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PCR-amplified in an ABI PRISM 7700 detection system (PE-Applied Stratagene). The targeting vector was constructed in 3 steps. First,
Biosystems; Heid et al., 1996). Forward primer, reverse primer, and the downstream part of the 5 arm was produced by PCR amplifica-
probe (purchased from Eurogenetec) were as follows: Gapdh for- tion using the sense primer 5-TTGCCAGGCCCTCCCCAGGAAT
ward: 5-CATGGCCTTCCGTGTTCCTA-3; Gapdh reverse: 5-CCTGC TCA-3 and the antisense primer 5-TTGCTGGGGGATATCCGGCTG
TTCACCACCTTCTTGA-3; Gapdh probe: 5-FAM-CCGCCTGGAGA CTGT-3. The latter primer was designed to introduce an EcoRV
AACCTGCCAAGTATG-TAMRA-3; Bmal1 forward: 5-CCAAGAAAG site into exon 2, suitable for in frame junction with LacZ. A 0.5 kb
TATGGACACAGACAAA-3; Bmal1 reverse: 5-GCATTCTTGATCCTT HindIII-EcoRV fragment of the PCR product was subcloned and
CCTTGGT-3; Bmal1 probe: 5-FAM-TGACCCTCATGGAAGGTTAG inserted into the HindIII and SmaI sites of a pLacZNeo vector. Sec-
AATATGCAGAA-TAMRA-3; Bmal1 pre-mRNA forward: 5-CACCGT ondly, the 3 arm, a 6.2 kb EcoRV–NotI fragment spanning from
TATCATAATGTGTGTGCTT-3; Bmal1 pre-mRNA reverse: 5-TGGA exon 5 to the end of the genomic clone, 2.5 kb downstream of the
CGTAGAGAGACCGATTCTG-3; Bmal1 pre-mRNA probe: 5-FAM- polyA site, was introduced into pLacZNeo (which had been opened
AGTTGCCCTCTTCCACGTGCACG-TAMRA-3; Clock forward: 5-TTG with XbaI, filled with Klenow, and opened with NotI). Finally, the
CTCCACGGGAATCCTT-3; Clock reverse: 5-GGAGGGAAAGTGC upstream part of the 5arm, a 2.8 kb fragment spanning from the
TCTGTTGTAG-3; Clock probe: 5-FAM-ACACAGCTCATCCTCTCT KpnI site near the start site to the HindIII site in intron 1, was intro-
GCTGCCTTTC-TAMRA-3; Cry1 forward: 5-CTGGCGTGGAAGTCA duced into the construct (digested with the same enzymes). Electro-
TCGT-3; Cry1 reverse: 5-CTGTCCGCCATTGAGTTCTATG-3; Cry1 poration of ES cells, selection of neomycin-resistant colonies, and
probe: 5-FAM-CGCATTTCACATACACTGTATGACCTGGACA- injection of ES cells into blastocysts were accomplished according
TAMRA-3; Cry2 forward: 5-TGTCCCTTCCTGTGTGGAAGA-3; to standard procedures (Joyner, 1993).
Cry2 reverse: 5-GC TCCCAG CTTG G CTTGA - 3; Cry2 probe:
5-FAM-CAGTCACCCTGTGGCAGAGCCTGG-TAMRA-3; Per2 for-
Animal Care and Wheel-Running Activity Monitoring
ward: 5-ATGCTCGCCATCCACAAGA-3; Per2 reverse: 5-GCGGAAT
The mice were housed and their wheel-running activity monitoredCGAATGGGAGAAT-3; Per2 probe: 5-FAM-ATCCTACAGGCCGGT
as described in Lopez-Molina et al., 1997. The Per2 Brdm1 and Per1/2GGACAGCC-TAMRA-3; Rev-erb forward: 5-CATGGTGCTACTGT
mutant animals used in this study are described in Zheng et al.,GTAAGGTGTGT-3; Rev-erb reverse: 5-CACAGGCGTGCACTCCA
1999 and 2001.TAG-3; Rev-erb probe: 5-FAM-ACGTGGCCTCAGGC-MGB-3; Rev-
erb pre-mRNA forward:5-GGTTGCCCTGCCTGGTTTA-3; Rev-erb
Acknowledgmentspre-mRNA reverse: 5-TGCCACCGAGTCGACAGAA-3; Rev-erb
pre-mRNA probe: 5-FAM-CACATGTCTTGCTCACCCACTGACACA-
TAMRA-3. We are grateful to Steven Brown, Fre´de´ric Gachon, Emi Nagoshi,
The relative levels of each RNA were calculated by 2-CT (CT stand- Benoıˆt Kornmann, and Ju¨rgen Ripperger for their critical reading
ing for the cycle number at which the signal reaches the threshold of of the manuscript; Steven Brown, Ju¨rgen Ripperger, and Philippe
detection) and normalized to the corresponding Gapdh RNA levels. Comte for their generous gift of antibodies; Marianne Friedli for
Each CT value used for these calculations is the mean of at least culturing the ES cells; and Nicolas Roggli for expert preparation of
two duplicates of the same reaction. Relative RNA levels are then the illustrations. This work was supported by grants from the Swiss
expressed as percentage of the maximal value obtained for each National Science Foundation (individual grants to U.S., D.D., and
experiment. U.A., and the NCCR program Frontiers in Genetics), the State of
Geneva, the Louis-Jeantet Foundation for Medicine, and the Bon-
RNA Expression in the SCN izzi-Theler Stiftung.
Immediately after dissection, brains were frozen in isopentane (4
min at 20C) and stored at 70C until use. Serial coronal brain
Received: April 8, 2002cryosections of 12 microns above the optical chiasma were prepared
Revised: June 20, 2002using standard procedures. In situ hybridizations with serial sections
through the SCN were performed as described previously (Lopez-
ReferencesMolina et al., 1997; Nef et al., 1996). The Rev-erb and Bmal1 ribo-
probes, covering most of the coding sequence, were synthesized
from the plasmids pKSBluescript-Rev-erbTOT and pKSBlue- Adelmant, G., Begue, A., Stehelin, D., and Laudet, V. (1996). A func-
script-Bmal1, respectively (see above). tional Rev-erb responsive element located in the human Rev-erb
promoter mediates a repressing activity. Proc. Natl. Acad. Sci. USA
Western Blot and Electromobility Shift Assay 93, 3553–3558.
Liver nuclear proteins were prepared as described previously (La- Albrecht, U. (2002). Invited review: regulation of mammalian circa-
very and Schibler, 1993). dian clock genes. J. Appl. Physiol. 92, 1348–1355.
Western blotting was performed as described (Ripperger et al.,
Allada, R., Emery, P., Takahashi, J.S., and Rosbash, M. (2001). Stop-2000). The rabbit anti-REV-ERB antibodies were raised against
ping time: the genetics of fly and mouse circadian clocks. Annu.the peptide CSLQVAMEDSSRVSPSK (Figure 1D) or a recombinant
Rev. Neurosci. 24, 1091–1119.protein encompassing the entire ligand binding domain (Figure 2C).
Rabbit antibodies against mouse BMAL1, CLOCK, CRY1, CRY2, Antoch, M.P., Song, E.J., Chang, A.M., Vitaterna, M.H., Zhao, Y.,
PER2, and PIP160 are kind gifts from our colleagues J. Ripperger, Wilsbacher, L.D., Sangoram, A.M., King, D.P., Pinto, L.H., and Taka-
S. Brown, and P. Comte. hashi, J.S. (1997). Functional identification of the mouse circadian
The Bma1l-RORE2 probe used in the electromobility shift assays Clock gene by transgenic BAC rescue. Cell 89, 655–667.
was prepared by annealing the two complementary oligonucleotides
Aranda, A., and Pascual, A. (2001). Nuclear hormone receptors and
5-GAAGGCAGAAAGTAGGTC-3 and 5-CGTCCCTGACCTACTTTC
gene expression. Physiol. Rev. 81, 1269–1304.
TGCCTTC-3 and by filling in the 5 overhang with [32P]dATP and
Bae, K., Jin, X., Maywood, E.S., Hastings, M.H., Reppert, S.M., andKlenow DNA polymerase. 5 g of liver nuclear NUN-extract (see
Weaver, D.R. (2001). Differential functions of mPer1, mPer2, andabove) were incubated with 0.075 pmol of the double-stranded oli-
mPer3 in the SCN circadian clock. Neuron 30, 525–536.gonucleotide in a 20 l reaction containing 150 mM KCl, 5 mM
MgCl2, 10 M ZnSO4, 25 mM HEPES (pH 7.6), 25 ng/l poly dIdC, Balsalobre, A., Damiola, F., and Schibler, U. (1998). A serum shock
and 100 ng/l salmon sperm DNA. After an incubation of 10 min at induces circadian gene expression in mammalian tissue culture
room temperature, 2 l of a 15% Ficoll solution were added, and cells. Cell 93, 929–937.
the protein-DNA complexes were separated on a 6% polyacrylamide
Cermakian, N., Whitmore, D., Foulkes, N.S., and Sassone-Corsi, P.gel in 0.25  TBE. The signals were quantified using a phosphor
(2000). Asynchronous oscillations of two zebrafish CLOCK partnersimager (Bio-Rad).
reveal differential clock control and function. Proc. Natl. Acad. Sci.
USA 97, 4339–4344.Disruption of the Rev-erb Allele
Chomez, P., Neveu, I., Mansen, A., Kiesler, E., Larsson, L., Venn-Phage lambda clones containing the mouse Rev-erb locus were
isolated from a 129/Sv-Lambda FixII genomic library (No. 946305, strom, B., and Arenas, E. (2000). Increased cell death and delayed
Cell
260
development in the cerebellum of mice lacking the rev-erbA() or- planted suprachiasmatic nucleus determines circadian period. Sci-
ence 247, 975–978.phan receptor. Development 127, 1489–1498.
Reick, M., Garcia, J.A., Dudley, C., and McKnight, S.L. (2001).Delaunay, F., Thisse, C., Marchand, O., Laudet, V., and Thisse, B.
NPAS2: an analog of clock operative in the mammalian forebrain.(2000). An inherited functional circadian clock in zebrafish embryos.
Science 293, 506–509.Science 289, 297–300.
Retnakaran, R., Flock, G., and Giguere, V. (1994). Identification ofDumas, B., Harding, H.P., Choi, H.S., Lehmann, K.A., Chung, M.,
RVR, a novel orphan nuclear receptor that acts as a negative tran-Lazar, M.A., and Moore, D.D. (1994). A new orphan member of the
scriptional regulator. Mol. Endocrinol. 8, 1234–1244.nuclear hormone receptor superfamily closely related to Rev-Erb.
Mol. Endocrinol. 8, 996–1005. Ripperger, J.A., Shearman, L.P., Reppert, S.M., and Schibler, U.
(2000). CLOCK, an essential pacemaker component, controls ex-Fonjallaz, P., Ossipow, V., Wanner, G., and Schibler, U. (1996). The
pression of the circadian transcription factor DBP. Genes Dev. 14,two PAR leucine zipper proteins, TEF and DBP, display similar circa-
679–689.dian and tissue-specific expression, but have different target pro-
moter preferences. EMBO J. 15, 351–362. Rusak, B., and Zucker, I. (1979). Neural regulation of circadian
rhythms. Physiol. Rev. 59, 449–526.Forman, B.M., Chen, J., Blumberg, B., Kliewer, S.A., Henshaw, R.,
Ong, E.S., and Evans, R.M. (1994). Cross-talk among ROR  1 and Schaeren-Wiemers, N., Andre, E., Kapfhammer, J.P., and Becker-
Andre, M. (1997). The expression pattern of the orphan nuclearthe Rev-erb family of orphan nuclear receptors. Mol. Endocrinol. 8,
1253–1261. receptor ROR in the developing and adult rat nervous system
suggests a role in the processing of sensory information and inGiguere, V., Tini, M., Flock, G., Ong, E., Evans, R.M., and Otulakow-
circadian rhythm. Eur. J. Neurosci. 9, 2687–2701.ski, G. (1994). Isoform-specific amino-terminal domains dictate
Schibler, U. and D.J. Lavery (1999). Circadian timing in animals. InDNA-binding properties of ROR , a novel family of orphan hormone
Development, Genetics, Epigenetics, and Environmental Regula-nuclear receptors. Genes Dev. 8, 538–553.
tion. E. Russo, D. Cove, L. Edgar, R. Jaenisch, and F. Salamini, eds.Glossop, N.R., Lyons, L.C., and Hardin, P.E. (1999). Interlocked feed-
(Heidelberg: Springer Verlag), pp. 487–505.back loops within the Drosophila circadian oscillator. Science 286,
Shearman, L.P., Jin, X., Lee, C., Reppert, S.M., and Weaver, D.R.766–768.
(2000a). Targeted disruption of the mPer3 gene: subtle effects onHarding, H.P., and Lazar, M.A. (1993). The orphan receptor Rev-
circadian clock function. Mol. Cell. Biol. 20, 6269–6275.ErbA  activates transcription via a novel response element. Mol.
Shearman, L.P., Sriram, S., Weaver, D.R., Maywood, E.S., Chaves,Cell. Biol. 13, 3113–3121.
I., Zheng, B., Kume, K., Lee, C.C., van der Horst, G.T., Hastings,Harding, H.P., and Lazar, M.A. (1995). The monomer-binding orphan
M.H., and Reppert, S.M. (2000b). Interacting molecular loops in thereceptor Rev-Erb represses transcription as a dimer on a novel
mammalian circadian clock. Science 288, 1013–1019.direct repeat. Mol. Cell. Biol. 15, 4791–4802.
Sumi, Y., Yagita, K., Yamaguchi, S., Ishida, Y., Kuroda, Y., and Oka-
Harmer, S.L., Panda, S., and Kay, S.A. (2001). Molecular bases of
mura, H. (2002). Rhythmic expression of ROR[] mRNA in the mice
circadian rhythms. Annu. Rev. Cell Dev. Biol. 17, 215–253.
suprachiasmatic nucleus. Neurosci. Lett. 320, 13–16.
Heid, C.A., Stevens, J., Livak, K.J., and Williams, P.M. (1996). Real Whitmore, D., Foulkes, N.S., Strahle, U., and Sassone-Corsi, P.
time quantitative PCR. Genome Res. 6, 986–994. (1998). Zebrafish Clock rhythmic expression reveals independent
Joyner, A.L. (1993). Gene targeting: A Practical Approach. (Oxford: peripheral circadian oscillators. Nat. Neurosci. 1, 701–707.
IRL Press at Oxford University Press). Yamazaki, S., Numano, R., Abe, M., Hida, A., Takahashi, R., Ueda,
Lavery, D.J., and Schibler, U. (1993). Circadian transcription of the M., Block, G.D., Sakaki, Y., Menaker, M., and Tei, H. (2000). Resetting
cholesterol 7  hydroxylase gene may involve the liver-enriched central and peripheral circadian oscillators in transgenic rats. Sci-
bZIP protein DBP. Genes Dev. 7, 1871–1884. ence 288, 682–685.
Lee, C., Etchegaray, J.P., Cagampang, F.R., Loudon, A.S., and Rep- Yu, W., Nomura, M., and Ikeda, M. (2002). Interactivating feedback
pert, S.M. (2001). Posttranslational mechanisms regulate the mam- loops within the mammalian clock: BMAL1 is negatively autoregu-
malian circadian clock. Cell 107, 855–867. lated and upregulated by CRY1, CRY2, and PER2. Biochem. Bio-
phys. Res. Commun. 290, 933–941.Lopez-Molina, L., Conquet, F., Dubois-Dauphin, M., and Schibler,
Zamir, I., Harding, H.P., Atkins, G.B., Horlein, A., Glass, C.K., Rosen-U. (1997). The DBP gene is expressed according to a circadian
feld, M.G., and Lazar, M.A. (1996). A nuclear hormone receptor core-rhythm in the suprachiasmatic nucleus and influences circadian
pressor mediates transcriptional silencing by receptors with distinctbehavior. EMBO J. 16, 6762–6771.
repression domains. Mol. Cell. Biol. 16, 5458–5465.Mangelsdorf, D.J., Thummel, C., Beato, M., Herrlich, P., Schutz, G.,
Zamir, I., Zhang, J., and Lazar, M.A. (1997). Stoichiometric and stericUmesono, K., Blumberg, B., Kastner, P., Mark, M., Chambon, P., et
principles governing repression by nuclear hormone receptors.al. (1995). The nuclear receptor superfamily: the second decade.
Genes Dev. 11, 835–846.Cell 83, 835–839.
Zheng, B., Larkin, D.W., Albrecht, U., Sun, Z.S., Sage, M., Eichele,Medvedev, A., Yan, Z.H., Hirose, T., Giguere, V., and Jetten, A.M.
G., Lee, C.C., and Bradley, A. (1999). The mPer2 gene encodes a(1996). Cloning of a cDNA encoding the murine orphan receptor
functional component of the mammalian circadian clock. NatureRZR/ROR  and characterization of its response element. Gene 181,
400, 169–173.199–206.
Zheng, B., Albrecht, U., Kaasik, K., Sage, M., Lu, W., Vaishnav,Miyajima, N., Horiuchi, R., Shibuya, Y., Fukushige, S., Matsubara,
S., Li, Q., Sun, Z.S., Eichele, G., Bradley, A., and Lee, C.C. (2001).K., Toyoshima, K., and Yamamoto, T. (1989). Two erbA homologs
Nonredundant roles of the mPer1 and mPer2 genes in the mamma-encoding proteins with different T3 binding capacities are tran-
lian circadian clock. Cell 105, 683–694.scribed from opposite DNA strands of the same genetic locus. Cell
57, 31–39.
Nef, S., Allaman, I., Fiumelli, H., De Castro, E., and Nef, P. (1996).
Olfaction in birds: differential embryonic expression of nine putative
odorant receptor genes in the avian olfactory system. Mech. Dev.
55, 65–77.
Park, H.T., Baek, S.Y., Kim, B.S., Kim, J.B., and Kim, J.J. (1996).
Developmental expression of ‘RZR  a putative nuclear-melatonin
receptor’ mRNA in the suprachiasmatic nucleus of the rat. Neurosci.
Lett. 217, 17–20.
Ralph, M.R., Foster, R.G., Davis, F.C., and Menaker, M. (1990). Trans-
